ABSTRACT Effects of long-term climatic stress (heat exposure), short-term hygienic stress [lipopolysaccharide (LPS)], or a combination of both challenges on performance of 4 layer lines were investigated. The lines were earlier characterized by natural humoral immune competence and survival rate. At 22 wk of age, 80 hens per line were randomly divided over 2 identical climate chambers and exposed to a constant high temperature (32°C) or a control temperature (21°C) for 23 d. Half of the hens housed in each chamber were i.v. injected with LPS at d 1 after the start of the heat stress period. The effect of heat, LPS, or a combined challenge on feed intake, BW, hen-day egg production, egg weight, and egg shell thickness were investigated. Feed intake, BW, hen-day egg production, egg weight, and egg shell thickness were significantly reduced by heat stress. Administration of LPS significantly reduced feed intake, BW (LPS × time interaction), hen-day egg production, and egg weight
INTRODUCTION
Stress occurs when an animal experiences changes in the environment that stimulate body responses aimed at reestablishing homeostatic conditions (Mumma et al., 2006) . Environmental stress include abiotic factors (e.g., climate, temperature, chemical components) and biotic factors (e.g., competition, nutrition, various forms of infectious diseases), which can act independently, but often act synergistically (Bijlsma and Loeschcke, 2005) .
Two environmental stressors that might act synergistically are heat stress and microbial challenges. Understanding of the interactions between these 2 stressors is of interest, first, because both stressors are common in poultry farming and can occur together, and second, be-1 Corresponding author: henk.parmentier@wur.nl 1022 (LPS × time interaction). Hens were able to recover from LPS administration but did not completely adapt to heat stress. Hens still lost weight, had a lower feed intake and hen-day egg production after 23 d of continuous exposure to heat stress. These data suggest a different nature of short-term LPS exposure versus long-term heat exposure affecting performance parameters of laying hens, and different adaptation mechanisms of hens toward these stressors. Neither natural humoral immune competence nor survival rate, for which the lines had been earlier characterized, were indicative of the response to different stressors. However, significant line × heat interactions were found for feed intake and hen-day egg production, and a line × heat × time interaction for BW, whereas a line × LPS interaction was found for hen-day egg production and a line × LPS × time interaction for BW. The lines had similar response patterns, but differed in response levels, suggesting that some lines were better able to adapt to stressors than others. cause these 2 stressors represent 2 physiological drives that utilize common effectors but induce opposite responses (Blatteis, 2000) . During heat exposure a rise in body temperature is prevented by panting and vasodilatation of the skin, whereas an infection [induced by lipopolysaccharide (LPS)] is associated with a rise in body temperature (fever), which is achieved by increased metabolic heat production and vasoconstriction of the skin.
Effects of single heat stress in poultry has been frequently studied. Hens raised under moderate climatic circumstances and placed in hot climatic circumstances at the start of lay showed reduced feed intake, BW gain, egg production, egg weight (Njoya and Picard, 1994; Mashaly et al., 2004) , and egg shell thickness (Usayran et al., 2001; Lin et al., 2004) compared with hens kept under moderate circumstances during lay. High environmental temperatures affect not only these performance parameters, but require also various physiological (Koelkebeck and Odom, 1995; Maak et al., 2003) and immunological (Thaxton et al., 1968; Mashaly et al., 2004; Mahmoud and Yaseen, 2005) adaptations of birds.
Lipopolysaccharide, derived from intestinal gram-negative microbiota, is often used as a model antigen to study the animal's susceptibility to (nonspecific components of microbiological) pathogens and capability to adapt to immune stressors. Administration of LPS causes sickness symptoms including changes in body temperature (fever), reduced BW gain, and changes in behavior (Adler and DaMassa, 1978; Macari et al., 1993; Xie et al., 2000; Cheng et al., 2004) . Effects of microbial challenges, mimicked by LPS, on performance (feed intake, egg production, egg quality) and other physiological responses of adult laying hens are less studied. Besides, effects of combined challenge of heat stress and LPS administration on performance parameters have, to our knowledge, never been studied in adult laying hens.
In a previous study (Star et al., 2007) differences in natural humoral immunity were investigated in 12 purebred layer lines. For the present experiment, 4 of the 12 lines were selected, based on high or low natural immune competence and a high or low survival rate. These lines were exposed to the following environmental stressors: heat (climatic stress), LPS (hygienic stress), or combined exposure to heat and LPS. According to Blatteis (2000) , we hypothesized that chickens are able to cope with single environmental stressors, but that problems in coping ability occur when chickens are exposed to combined environmental stressors. To evaluate coping ability of different layer lines, effects of climatic and hygienic stress on performance (e.g., feed intake, BW, hen-day egg production, egg weight, and egg shell thickness) and physiological responses were investigated. The current paper will focus on the effect of different stressors on performance of 4 different layer lines. First, we investigated responses, as expressed in performance parameters, by single exposure to high temperature or LPS administration, or combined exposure to both stressors. Second, we investigated if different chicken lines had different responses in performance parameters when exposed to climatic or hygienic stress, and whether one line was better able to withstand stress than another line. In an accompanying paper (Star et al., 2008) , effects of exposure to climatic and hygienic stress on physiological responses in these layer lines is reported.
MATERIALS AND METHODS

Chickens, Housing, and Feed
Four purebred layer lines (Hendrix Genetics, Boxmeer, the Netherlands) were used: 3 White Leghorn lines (WA, WB, and WF), and 1 Rhode Island Red line (B1). These lines were characterized by a low or high survival rate and low or high natural humoral immune competence as determined in a previous study (Star et al., 2007) . Line B1 was characterized by a low survival rate and high natural humoral immune competence, line WA was characterized by a high survival rate and low natural humoral immune competence, line WB was characterized by a low survival rate and low natural humoral immune compe- The experiment consisted of 4 treatment groups, which were exposed to a temperature of 21 or 32°C during 23 d, and were i.v. injected with Escherichia coli lipopolysaccharide (LPS) at d 1 after the start of the heat stress period. Within each treatment group, 4 genetically different purebred layer lines, characterized by natural humoral immune competence and survival rate, were equally represented. Line B1 was characterized by a low survival rate and high natural humoral immune competence, line WA was characterized by a high survival rate and low natural humoral immune competence, line WB was characterized by a low survival rate and low natural humoral immune competence, and line WF was characterized by a high survival rate and high natural humoral immune competence. tence, and line WF was characterized by a high survival rate and high natural humoral immune competence.
At 22 wk of age, 80 hens per line (320 in total) were transported from a housing facility at Hendrix Genetics to 2 identical climate respiration chambers at Wageningen University. In each climate chamber, 40 hens per line were individually housed in battery cages (45 cm height × 40 cm depth × 24 cm width). Lines were randomly divided over cages. Hens were fed a standard commercial phase 1 diet (15.9% crude protein, 3.9% crude fiber, and 11.8 MJ of ME/kg). At 22 wk of age, hens were kept under a 13L:11D light scheme. In each of the following 2 wk, the light period was increased with 1 h. At the start of the experimental period (at 24 wk of age), hens were kept under a 15L:9D light scheme until the end of the experimental period (27 wk of age). Hens received routine vaccinations to Marek's disease (d 1), Newcastle disease (wk 2, 6, 12, 15), infectious bronchitis (d 1, wk 2, 10, 12, 15), infectious bursal disease (wk 3, 15), fowl pox (wk 15), and avian encephalomyelitis (wk 15). Beak trimming was not performed.
Experimental Design
After an adaptation period of 12 d (temperature maintained at 21°C), hens in the first climate chamber were exposed to acute heat stress. Within approximately 1 h, the temperature in this chamber was increased from 21 to 32°C, and was maintained at 32°C for the following 23 d. In the second chamber, the (control) temperature was maintained at 21°C. At d 1 after the start of the heat stress period, half of the hens in the heat treatment and half of the control hens were i.v. injected with 1 mg/kg of BW of Escherichia coli LPS (serotype O55:B5, Sigma Chemical Co., St. Louis, MO). The remaining hens received a placebo treatment of PBS. An overview of the experimental design is given in Table 1 . The Institutional Animal Care and Use Committee of Wageningen University approved the experimental protocol. Table 2 . Effect of temperature, Escherichia coli lipopolysaccharide (LPS), or combined exposure to both stressors on average feed intake (g) in 4 genetically different purebred layer lines before challenge (d −11 to 0; P1), during LPS influence (in combination with or without heat stress; d 1 to 7; P2), and during heat stress alone ( 
Means with different superscripts within treatment group of each line differ significantly (P < 0.05). *P < 0.05; **P < 0.01; ***P < 0.0001.
Performance
During adaptation and experimental period, feed and water were available ad libitum. Individual feed intake was recorded daily during adaptation and experimental period. BW was measured weekly at d 5 before the start of heat stress and at d 2, 8, 15, and 22 during heat stress. Weekly BW gain was calculated compared with the BW measured at d 5 before the start of heat stress. Egg number was recorded daily during adaptation and experimental period. Egg weight was recorded weekly at d 3 before the start of heat stress and at d 4, 11, and 18 during heat stress. Shell thickness (without inner and outer shell membranes) was measured at the middle part of the egg using a micrometer (Mitutoyo, Miyazaki, Japan), once at the end of the experimental period (d 23). Mortality was registered.
Statistical Analysis
Differences in feed intake, hen-day egg production, and egg shell thickness were analyzed by a 3-way ANOVA for the effect of line, temperature, LPS administration, and their interactions. Daily measured feed intake and hen-day egg production were, after primary analyses of the daily measurements, divided in 3 periods; P1 is the adaptation period (d −11 to 0), P2 is the experimental period where temperature and LPS administration were of influence (d 1 to 7), and P3 is the experimental period where only temperature was of influence (d 8 to 22). Statistical analyses were done for each period, and no statistical analyses were done between periods. Differences in BW and egg weight were analyzed by a 4-way ANOVA for the effect of line, temperature, LPS administration, time, and their interactions by a repeated measurement procedure using a "hen nested within line, temperature, and LPS administration" option.
Mean differences among lines and treatments were tested with Bonferroni's test. All analyses were carried out using SAS (SAS Institute, 2004) . Effects were considered significant at P < 0.05.
RESULTS
Mortality
Within 1 d after LPS administration 3 hens died (1 of line B1 and 2 of line WA). These hens were exposed to the combined challenge of LPS and heat. All other hens survived the experimental period.
Feed Intake
Main effects of exposure to heat, LPS administration, or combined exposure to heat and LPS are shown in Figure 1 and will be described first, whereas more de- tailed results per line are given in Table 2 and will be described after the main effects. Figure 1 shows that exposure to heat reduced feed intake during the whole experimental period (P2 and P3; P < 0.0001), whereas the effect of LPS was only noticeable during the first week after administration (P2; P < 0.0001).
During P2, the control group had an average feed intake of 106.5 g, whereas hens injected with LPS had an average feed intake of 90.2 g. Hens exposed to heat stress or to combined heat and LPS had an average feed intake of 70.9 and 64.7 g, respectively. There was a significant heat × LPS interaction during P2 (P < 0.01), indicating that combined exposure had less effect on feed intake than the sum of the individual effects.
Heat stress significantly reduced feed intake during P3, with a difference of 27.1 g feed intake between hens exposed to 21 or 32°C.
Feed intake was affected by line during P1, P2, and P3 (P < 0.0001, P < 0.05, and P < 0.01, respectively). Significant line × heat interaction was found during P2 and P3 (P < 0.05 and P < 0.0001, respectively). Decreases in feed intake between heat-stressed group (32°C + PBS) and control group (21°C + PBS) were 42.9, 41.1, 28.5, and 29.7 g for line B1, WA, WB, and WF, respectively, during P2. Decreases in feed intake between heat-stressed group (32°C + PBS and 32°C + LPS) and control group (21°C + PBS and 21°C + LPS) were 36.9, 24.6, 23.8, and 23.1 g for line B1, WA, WB, and WF, respectively, during P3. Although each line had a reduced feed intake during heat exposure, the feed intake of the Rhode Island Red line B1 seemed to be more influenced by heat stress than the feed intake of the White Leghorn lines.
Body Weight
Main effects of exposure to heat, LPS administration, or combined exposure to heat and LPS will be described first, whereas more detailed results per line will be described after the main effects. Figure 2 shows that exposure to heat decreased BW during the whole experimental period (heat × time inter- action; P < 0.0001), whereas the effect of LPS administration was only noticeable at d 2 after start of the heat stress period (LPS × time interaction; P < 0.0001). At d 8 after the start of heat stress (i.e., d 7 after LPS administration) hens were recovered from the LPS administration. They gained weight and had a comparable BW as their counterparts housed at 21 or 32°C (heat × LPS × time interaction; P < 0.05).
Before start of the heat stress period, line B1, WA, WB, and WF had a mean BW of 1,698, 1,510, 1,397, and 1,428 g, respectively. During the complete experiment the Rhode Island Red line B1 was heavier than the White Leghorn lines (P < 0.0001). The lines showed different patterns of BW gain under the given circumstances, illustrated by a line × heat × time interaction (P < 0.05; Figure 3 ) and a line × LPS × time interaction (P < 0.05). On the one hand, lines B1 and WA gained lesser weight in the control chamber (BW gain of 57 and 37 g, respectively) compared with lines WB and WF (BW gain of 84 and 106 g, respectively). On the other hand, lines B1 and WA lost most weight in the heat stress chamber (BW loss of 163 and 121 g, respectively) compared with lines WB and WF (BW loss of 60 and 48 g, respectively).
Hen-Day Egg Production
Main effects of exposure to heat, LPS administration, or combined exposure to heat and LPS are shown in Figure 4 and will be described first, whereas more detailed results per line are given in Table 3 and will be described after the main effects.
Heat exposure and LPS administration influenced henday egg production (Figure 4 ). Exposure to heat reduced hen-day egg production during the complete experimental period [P2 (P < 0.01) and P3 (P < 0.0001)]. Hens exposed to heat had a hen-day egg production of 83.8 and 83.6% compared with a hen-day egg production of 93.2 and 93.0% in the control group during P2 and P3, respectively. Administration of LPS decreased hen-day egg production during P2 (P < 0.0001) and increased hen-day egg production during P3 (P < 0.05). Single LPS administration or combined with heat stress gave comparable reductions in hen-day egg production during P2 (hen-day egg production of 55.0 and 51.4%, respectively).
After LPS administration, hen-day egg production was 43.7, 51.5, 54.6, and 62.9% for line B1, WA, WB, and WF during P2, respectively, which was a significant lower hen-day egg production then their PBS treated counterparts (line × LPS interaction; P < 0.01). Decrease in henday egg production caused by heat stress was less than 10% and was not significant in each of the White Leghorn lines. Rhode Island Red line B1 had a hen-day egg production of 96.4 and 73.6% when housed by 21 and 32°C, respectively (line × heat interaction; P < 0.01).
Decreases in hen-day egg production between heatstressed and control group during P3 were 24.0, 4.3, 0.0, and 1.1% for line B1, WA, WB, and WF, respectively. Line B1 was the only line in which heat-stressed hens differed in hen-day egg production from non-heat stressed hens (line × heat interaction; P < 0.0001). Interestingly, this is mainly caused by heat-stressed hens that did not receive LPS.
Egg Weight
Average egg weight per line per treatment is given in Table 4 . Each of the main effects had an interaction with time [heat × time (P < 0.0001), LPS × time (P < 0.0001), line × time (P < 0.05)]. Heat stress reduced egg weight at d 4, 11, and 18 after the start of heat stress. Administration of LPS reduced egg weight at d 4 after the start of heat stress. The line × time interaction suggests that the lines had a different response pattern (data not shown). At the end of the experiment, hens housed in the heat chamber laid eggs with, on average, a 5.2 g lower weight compared with hens housed in the control chamber. Line B1 and WB had the largest difference in egg weight; 5.8 g (10.8%) and 5.5 g (10.3%), respectively. The difference in line WB is mainly caused by an increase in egg weight in the control chamber (+4.5 g), whereas the difference in line B1 is caused by a lower increase in egg weight in the control chamber (+3.4 g) and a stronger decrease in egg weight in the heat chamber (−2.4 g). Line WA and WF had an increase in egg weight in the control chamber of 4.1 and 4.2 g, respectively, and a decrease in egg weight in the heat chamber of 1.0 and 0.5 g, respectively, with a total difference of 8.8 and 8.6%, respectively.
Egg Shell Thickness
Egg shell thickness was measured at the end of the heat stress period (d 23). Shell thickness was affected by line (P < 0.0001) and by heat stress (P < 0.0001; Table 4 ). Line WF had the thickest egg shell in both control and heat chamber, 385 and 357 m, respectively, whereas line WB had the thinnest egg shell in both control and heat chamber, 322 and 296 m, respectively. Difference in egg shell thickness between control and heat chamber was comparable among lines. Line B1, WA, WB, and WF had a difference in shell thickness of 9.7, 9.3, 8.1, and 7.0%, respectively, between control and heat chamber.
DISCUSSION
Effects of combined challenge of heat stress and LPS on performance parameters has, to our knowledge, never been studied in adult laying hens. Understanding of the interactions between these stressors is of interest, first, because both stressors are common in poultry farming and can occur together, and second, because these stressors represent 2 physiological drives that utilize common effectors but induce opposite responses (Blatteis, 2000) . Studies done in rats (Kluger et al., 1997; Kamerman et al., 2001 ) and rabbits (Blatteis, 2000) are based on shortterm exposure to heat stress (maximum of 24 h) with LPS administration at the start of the heat stress or 4 to 48 h after end of heat exposure. Blatteis (2000) mentioned that single heat stress or LPS administration did not result in mortality, whereas combined exposure to heat and LPS resulted in 16.7% mortality. In the present study, 3.8% (3/80) hens died due to combined exposure to heat and LPS, and none of the hens died by exposure to the single stressors.
In the present study, heat stress reduced feed intake, BW, hen-day egg production, egg weight, and egg shell thickness. Hens did not completely adapt to heat stress because hens were still losing weight and had a lower feed intake and lower hen-day egg production after 23 d of continuous exposure to heat stress. Although there was no replication of the heat stress environment (possible confounded results), these findings confirm earlier studies (Njoya and Picard, 1994; Usayran et al., 2001; Lin et al., 2004; Mashaly et al., 2004) . Maak et al. (2003) , however, did not find differences in BW and hen-day egg production when birds were exposed to permanent heat stress (from chick to 68 wk of age). In the present study, reduction in feed intake during heat stress may cause a decrease in BW, hen-day egg production, and egg weight, indicating a negative nutrient balance of heat-stressed laying hens (Mashaly et al., 2004) . Decrease in egg shell thickness at high temperature might be due to disturbance of shell formation (Lin et al., 2004) .
Administration of LPS causes sickness behavior. Sickness behavior includes nonspecific symptoms of infection [e.g., weakness, malaise, listlessness, and fever (Dantzer, 2001) ]. During the first 24 h after LPS administration chickens were very inactive, illustrated by an increase in sitting behavior and a decrease of standing, feeding, drinking, and moving behavior (Cheng et al., 2004) . In the present study, sickness was not studied. Sickness was, however, indirectly measured by feed intake and hen-day egg production. Feed intake was significantly reduced by LPS administration, and it took at least 5 d to recover from this challenge. Sickness was well illustrated by henday egg production. Within hours after LPS administration almost all challenged hens laid a shell-less egg. Thereafter it took also 5 d to recover hen-day egg production. Sickness and reduction in feed intake caused a decrease Table 3 . Effect of temperature, Escherichia coli lipopolysaccharide (LPS), or combined exposure to both stressors on hen-day egg production (%) in 4 genetically different purebred layer lines before challenge (d −11 to 0; P1), during LPS influence (in combination with or without heat stress; d 1 to 7; P2), and during heat stress alone (d 8 to 22; P3) 
Means with different superscript within treatment group of each line differ significantly (P < 0.05). *P < 0.05; **P < 0.01; ***P < 0.0001.
in BW 1 d after LPS administration, which confirms earlier findings of Cheng et al. (2004) and Parmentier et al. (1998) . One week after LPS administration, hens were recovered, illustrated by a comparable feed intake, BW, and henday egg production to their PBS-treated counterparts, suggesting an acute but short-term effect of LPS administration.
Hens exposed to combined heat and LPS administration had a lower feed intake during the first week after the start of the heat stress period than hens exposed to heat or LPS. The strong reduction in feed intake after LPS administration combined with heat stress resulted in the lowest BW for this treatment group at d 2 after the start of the heat stress period. At d 8, 15, and 22, however, the effect of combined heat exposure and LPS administration was less negative on BW than single exposure to heat. This indicates that the combined treatment has a stronger, although not additive, effect in the first week. Hereafter, the hens were recovered from LPS administration and were able to maintain a constant feed intake comparable with feed intake of hens exposed to single heat stress. Feed intake was, however, too low to maintain BW under high temperature treatment.
In the present study, 4 purebred layer lines were used. Lines were characterized by natural humoral immune competence and survival rate as described in a previous study (Star et al., 2007) . Neither natural humoral immune competence nor survival rate was indicative for the physiological and reproductive responses of the 4 lines to the different environmental stressors. Although the lines showed similar response patterns, they differed in response levels. Rhode Island Red line B1 had the strongest reduction in feed intake, BW, and hen-day egg production during heat stress compared with the White Leghorn lines. Marsden et al. (1987) found a stronger reduction in feed intake and BW in a Brown layer type compared with a White layer type when exposed to a temperature of 30°C, but they did not find a difference in egg production between the lines. In the present study, differences in performance were also found between the White Leghorn lines, although these differences were smaller than between the Rhode Island Red type and White Leghorn types. Line WA had a stronger decrease in BW and a lower hen-day egg production during heat stress than line WB and WF. Hester et al. (1996b) used 3 White Leghorn lines: a line selected for high group productivity and survivability, a random bred control line, and a commercial line. Compared with hens of the control line and commercial line, hens of the high selection line had an improved adaptability to high temperature conditions. Hester et al. (1996a,b,c) concluded from their studies that, from criteria used to evaluate stress (e.g., physiological and immunological parameters), egg production and mortality provided the best evidence for adaptability to stress. Our data, from the previous and current study, also suggest that some lines are better able to cope with 
Means with different superscript within treatment group of each line differ significantly (P < 0.05).
1
Differences in BW and egg weight were analyzed by a 4-way ANOVA for the effect of line, temperature, LPS administration, time, and their interactions by a repeated measurement procedure using a "hen nested within line, temperature, and LPS administration" option. Values are least square means of BW and egg weight measured at d −5, 2, 8, 15, 22 and d −3, 4, 11, 18 after the start of the heat stress period, respectively. 2 Differences in egg shell thickness (at d 23 after start of the heat stress period) were analyzed by a 3-way ANOVA for the effect of line, temperature, LPS administration, and their interactions. *P < 0.05; **P < 0.01; ***P < 0.0001.
environmental stressors than other lines based on egg production and mortality. Line B1 had a high mortality rate under commercial circumstances (previous study) and showed a decline in hen-day egg production by exposure to high temperatures. Line WA had a decline in production at the end of the laying period (60 to 69 wk of age) under commercial circumstances (previous study; unpublished data) and had more problems with keeping up production under heat stress than the other White Leghorn lines. Line WB and WF were able to maintain a high hen-day egg production under heat stress. However, line WF was a better survivor under commercial circumstances than line WB (previous study), which makes line WF a more robust line. Under the given circumstances (temperature of 21 or 32°C with or without injection of 1 mg/kg of BW of LPS), the results of this study indicate that heat exposure and LPS administration were independent stressors. Hens were able to recover from LPS administration, but did not completely adapt to heat stress, since hens were still losing weight, had a lower feed intake and hen-day egg production after 23 d of continuous exposure to heat stress. The 4 purebred layer lines had similar response patterns, but differed in response levels (especially for hen-day egg production and feed intake), suggesting that some lines were better able to adapt to stressors than other lines. Neither natural humoral immune competence nor survival rate, on which bases the lines were characterized, was indicative for the stress response to different stressors.
Finally, studies in broiler chickens indicated that neonatal heat exposure at 5 d of age reduced mortality (Arjona et al., 1990; Yahav and Hurwitz, 1996) and improved performance and thermo tolerance later in life (Yahav and Plavnik, 1999) by elevation of the thermoregulatory set point (Tzschentke, 2004) . In the present study, adult laying hens were exposed to acute, long-term heat stress. Early-age thermal conditioning of layer chicks might improve thermo tolerance and might prevent strong reduc-tions in feed intake, BW, and hen-day egg production during thermal challenge later in life.
